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Engraving surfaces with holographic features is not only used for decorative applications, but 
also for protecting products from counterfeit and piracy. This structural coloration can be produced 
on large areas at high-throughput using laser-based methods such as Direct Laser Interference Pat-
terning and Laser-Induced Periodic Surface Structuring (LIPSS). In this contribution, both technol-
ogies were used to generate diffraction gratings on stainless steel with different processing parame-
ters. Then, the resulting spectral reflectances were quantitatively compared and correlated to topo-
graphical characteristics determined by scanning electron microscopy and atomic force microscopy. 
Overall, the DLIP treated samples showed up to 42% higher diffuse reflectivity than the LIPSS 
samples when illuminated with a green laser diode. However, the LIPSS textures were less spectral 
dependent, probably due to their broader distribution of spatial periods and structure heights. These 
findings could also be appreciated with the naked eye as the samples patterned with LIPSS have a 
matte aspect with a homogeneous coloration, whereas the DLIP samples had a glossy appearance 
with brighter colors. 
Keywords: structural colors, direct laser interference patterning, laser-induced periodic surface 
structures, optical characterization, diffraction gratings 
1. Introduction
Usually, surfaces can be provided with a predefined
coloration by applying a pigment to modify their absorb-
ance and reflectance at given wavelengths. Even though 
this method is widely used, the long term stability of the 
color quality depends strongly on the pigment sensitivity 
to external physical and chemical influences, such as UV 
radiation, interaction with chemicals, mechanical damage 
or heat [1]. An alternative approach consists on produc-
ing a structural coloration through modification of the 
surface topography so that it interacts with the incoming 
light producing optical effects, such as interference, 
plasmonic resonances or diffraction [2–5]. In the latter 
case, the achieved structural color is dependent on the 
viewing angle, as observed in many natural cases, for 
example in the multiple sized structure of morpho 
peleides butterfly wings [6]. As the structural coloration 
stability depends mainly on the mechanical properties of 
the base material, this approach can be better suited for 
applications where pigments cannot withstand the envi-
ronmental conditions.  
Structural coloration by engraving relief gratings is 
used for decoration, marking and also for preventing pi-
racy and counterfeiting [7]. Due to their upscaling poten-
tial and multifaceted application possibilities, laser based 
methods are commonly used to fabricate holographic 
features resulting from surface patterned gratings [8]. 
Among these techniques, Laser-Induced Periodic Surface 
Structuring (LIPSS) and Direct Laser Interference Pat-
terning (DLIP) are industrial attractive methods able to 
engrave thousands of grooves with pitch sizes on the mi-
cro and sub-micro scale with a single laser pulse [9–14].  
LIPSS consist on self-assembled nano/micro ripples 
formed on surfaces of a wide variety of materials, includ-
ing metals, dielectrics and polymers, upon irradiation 
with ultra-short laser pulses in the ps and fs regime 
[15,16]. In the case of LIPSS produced on strong absorb-
ing materials, the resulting ripples that form a quasi-
periodic array with an effective spatial period close to the 
used laser wavelength are known as low spatial frequen-
cy LIPSS (LSFL). It is commonly accepted that these 
kind of LIPSS are aligned perpendicular to the radiation 
polarization due to the excitation of surface plasmon po-
laritons (SPP) [17]. LIPSS with pitch sizes smaller than 
half of the used laser wavelengths are called high spatial 
frequency LIPSS (HSFL) and they can be oriented paral-
lel or perpendicular to the laser radiation polarization 
depending on the irradiated material [18]. Despite the 
large accumulated research on the formation of these 
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their origin is still under debate [20–22]. Considering that 
gratings diffract light with wavelengths on the order of 
the period, the surface patterns must have spatial periods 
larger than a few hundreds of nanometers to yield vivid 
colors. Therefore, LSFLs are better-suited than HSFLs 
for the realization of structural colors due to their longer 
periods [23]. 
In the DLIP method, two or more laser beams are 
overlapped on the sample surface in order to generate an 
interference pattern. At the intensity maxima positions 
the material can be locally melted, ablated or modified, 
whereas at the minima positions the material remains 
unaffected. In this way, DLIP allows the formation of a 
periodic arrangement of grooves with a well-defined spa-
tial period and with the flexibility to easily change their 
orientation and spatial period [12,24]. 
Although many published works have reported the 
employment of the DLIP and LIPSS techniques to pro-
duce structural colors for decoration, anti-counterfeiting 
or color marking [25–29], no systematic study has been 
reported that quantitatively and qualitatively compares 
the resulting coloration produced by both methods and 
correlates the optical properties with the topography 
characteristics and process parameters. This contribution 
aims at filling that gap by using LIPSS and DLIP meth-
ods to generate structural colors on metallic surfaces. In 
addition, combining optical and topography characteriza-
tion methods, the optimum laser process parameters, such 
as fluence and pulse-to-pulse overlap, are evaluated. 
Moreover, the LIPSS and DLIP potential to achieve in-
tense structural colors are quantitatively compared. 
2. Materials and methods
2.1 Materials
Flat substrates of stainless steel (304) were patterned 
with DLIP and LIPSS structures as this material is nor-
mally used in decorative applications due to its good op-
tical, mechanical and chemical properties. When its sur-
face is mirror-polished has a high and almost flat reflec-
tance above 60% in the visible spectrum [30,31]. The 
samples had a thickness of 0.7 mm with an average sur-
face roughness (Ra) of 52 nm. The substrates were used 
as received.  
2.2 DLIP structuring 
An in-house designed DLIP system equipped with a 
commercially available optical head (manufactured by 
Fraunhofer IWS, Germany) based on a ps-laser source 
(Edgewave PX200, Germany) emitting in the infrared 
(1064 nm) was used to structure the samples. The laser 
had a nominal maximum output power of 10 W, a pulse 
duration of 10 ps and the repetition rate was set to 
10 kHz. The polarization direction of the laser beam is 
controlled by a half-wave plate. The optical DLIP head 
had a diffractive optical element (DOE) to split the pri-
mary beam into two sub-beams which were then parallel-
ized by a prism. The parallel beams were afterwards 
overlapped onto the sample surface by a convex lens, 
generating the interference pattern on the sample. Adjust-
ing the distance between DOE and prism, the angle be-
tween the interfering beams could be modified which 
ultimately allowed the user to adjust the spatial period of 
the patterned texture. Additional details of the used DLIP 
system have been already reported elsewhere [32]. The 
spatial period was set to 1.3 m for all samples, whereas 
the remainder of the process parameters were taken from 
previous experiments [25,33,34] . For instance, the flu-
ence F was varied between 1.5 and 2.2 J/cm2, the pulse-
to-pulse distance P2P was swept between 5 and 25 m 
and the hatch distance HD was changed between 27 and 
100 m. The spot size was 77 µm as determined from the 
D2 method [35]. The structured area was 5×5 mm2 for all 
samples. 
2.3 LIPSS structuring 
The LIPSS were generated on the steel samples using 
linear laser radiation polarization employing the same 
system as for DLIP processing. The fluence was set to 
3.8 J/cm2, the hatch distance was varied between 60 and 
120 m and the pulse-to-pulse distance was swept in the 
range 10 to 50 m. As in the DLIP experiments, the 
structured area was 5×5 mm2 for all samples. 
2.4 Topography characterization 
The surface topography was characterized using a 
non-contact optical confocal microscope (CFM) model 
Sensofar S Neox 3D Surface Profiler (Spain) equipped 
with a 150X objective allowing a maximum lateral and 
vertical resolution of 140 nm and 1 nm, respectively. The 
samples were also characterized using a scanning elec-
tron microscope (SEM, ZEISS Supra 40VP, Germany) at 
an operating voltage of 8.0 kV. 
2.5 Optical characterization 
To measure the intensity of the diffuse, i.e. non-
specular, reflectivity, a self-developed characterization 
system was used (Fig. 1). The collimated beam emitted 
by a low power laser diode was reduced to a diameter of 
approximately 2 mm by a set of lenses, so that it could fit 
through the 2.5 mm hole of a laser-drilled monocrystal-
line solar cell (SunPower, USA). Then, the beam was 
directed to the sample, which was placed at 2 cm from 
the solar cell and was tilted 5°. While the diffracted pat-
tern was reflected back to the front surface of the solar 
cell, the specularly reflected beam was blocked (not 
shown in Fig. 1). In this way, only the diffusely reflected 
light was incident on the solar cell. The area of the solar 
cell was 41 × 125 mm2, which is large enough to collect 
the main diffracted patterns by the laser-treated samples. 
Although there might be some randomly scattered light 
with very wide angles (>60°) that may not hit the solar 
cell, it is considered that the amount of such radiation is 
negligible. Furthermore, shadowing losses were prevent-
ed by the interdigitated back contact (IBC) of the solar 
cell, whereas the reflectance of the solar cell was mini-
mized due to its pyramidal texture combined with an an-
ti-reflective coating. Finally, the photocurrent delivered 
by the solar cell was measured with a transconductance 
amplifier and a voltmeter. As the solar cell is kept under 
short circuit conditions by the external circuitry, the op-
erational amplifier operated in the linear region and the 
laser intensity was constant throughout the experiments, 
the measured voltage signal is directly proportional to the 
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intensity of the reflected light. The measured signal for 
each sample was normalized to the intensity correspond-
ing to the specularly reflected light from a flat steel plate. 
Three different laser diodes with wavelengths of 450 nm, 
532 nm and 635 nm were used to obtain spectral infor-
mation of the samples. 
Fig. 1  Schematic representation of the setup used to measure 
the diffuse reflectivity. The zero order reflected beam (specular 
reflection) is blocked (not shown in the figure for simplicity). 
The spatial distribution of the reflected patterns was 
recorded with an in-house developed imaging system 
coupled to a CCD camera. Further details can be found 
elsewhere [34]. 
3. Results and discussion
3.1 Surface topography
The SEM images of Fig. 2 show the surface topogra-
phy of three DLIP-treated samples with the same hatch 
distance and pulse-to-pulse feed, namely 82 µm and 
20 µm, respectively. In turn, the laser fluence was set to 
1.5 J/cm2, 1.8 J/cm2 and 2.2 J/cm2, for the samples shown 
in Fig. 2a), b) and c), respectively. 
The SEM images show that the line-like textures have 
an overall good structure uniformity in the three samples 
and that the grooves have a periodic distribution with a 
spatial period of 1.3 µm, as expected. Aside from the 
DLIP grooves, LIPSS are also visible which can be iden-
tified as HSFL, as they are aligned parallel to the radia-
tion polarization (see arrow in Fig. 2a) and their spatial 
period is approximately 300-500 nm, i.e. less than half of 
the laser wavelength. In contrast, due to the relatively 
low chosen fluence, LSFL are not observed on any sam-
ple. As the fluence increases, the depth of the grooves 
becomes larger and the HSFL are better defined, alt-
hough more molten material becomes visible. 
The surface morphology of a LIPSS-treated sample can 
be seen in the SEM micrograph of Fig. 3. This sample 
was structured with a hatch distance of 80 µm, a pulse-
to-pulse feed of 30 µm and a fluence of 3.8 J/cm2. Here, 
both type of LIPSS are visible and they are uniformly 
distributed over the surface. While the LSFL have a peri-
od between 800 and 1000 nm, the HSFL have a period in 
the range 300-500 nm, as observed in the DLIP struc-
tured samples. Not surprisingly, the presence of both 
LSFL and HFSL with their relative broad spatial periods 
distribution in comparison to the DLIP textures, yields 
also a less uniform structure height over the whole sur-
face. 
Fig. 2.  SEM images of DLIP structured samples with a hatch 
distance of 82 µm and pulse-to-pulse feed of 20 µm, with vary-
ing fluence: a) 1.5 J/cm2, b) 1.8 J/cm2 and c) 2.2 J/cm2. The 
arrow in the insert in a) points at the laser radiation polarization. 
Fig. 4 shows exemplarily the surface topography of a) 
DLIP (HD = 100 µm, P2P = 20 µm, F = 1.8 J/cm2) and 
b) LIPSS (HD = 100 µm, P2P = 30 µm, F = 3.8 J/cm2)
treated samples measured with CFM and their corre-
sponding FFT (fast Fourier transform) intensity spectra
b) and d), respectively. It can be seen that in the FFT
spectrum of the DLIP sample, the intensity peaks are
clearly defined and equidistantly spaced, resembling the
spectrum of perfectly ordered diffraction gratings. The
extracted period from the FFT spectrum is
1.29 ± 0.02 µm for all the DLIP samples. Nevertheless, a
background noise can be detected for small frequencies
which can be correlated to texture defects. Despite the
FFT spectrum of LIPPS texture has its characteristic
double-crescent shape as observed in many previous re-
ports [36–38], a relatively large background noise can be
observed for those frequencies contained within the dou-
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ble-crescent. Correlating the spatial frequencies of all the 
LIPSS-treated samples with the corresponding spatial 
periods, the Fourier analysis revealed that the distribution 
of periods of the LIPSS did not change significantly with 
the process parameters. Namely, the LIPSS textures have 
an average dominant period of 930±30 nm and an ap-
proximate period range of 800-1100 nm, in agreement 
with the periods observed in the SEM micrographs. 
 
 
Fig. 3  SEM image of a steel sample structured with LIPSS at a 
hatch distance of 80 µm, a pulse-to-pulse feed of 30 µm and a 
fluence of 3.8 J/cm2. Both LSFL and HSFL can be identified. 
The arrow in a) points at the laser radiation polarization. 
 
 
Fig. 4  CFM topography images of a) DLIP and c) LIPSS treated samples and their FFT spectra b) and d), respectively. 
 
3.2 Optical properties 
Upon illuminated with a point-like white light source, 
all the laser-structured samples present a structural “rain-
bow” coloration, that strongly depends on the viewing 
angles as occurs in conventional diffracting gratings. Fig. 
5 shows two photographs of the DLIP and LIPSS tex-
tured steel plates. It can be seen that the LIPSS samples 
exhibit a matte finish with homogenous coloration, 
whereas the DLIP treated areas have a glossy appearance 
and brighter colors. As these observations are inherently 
subjective, the reflected light by the samples was charac-
terized spatially and spectrally to obtain more significant 
data that allows an objective comparison between them. 
The diffraction patterns shown in Fig. 6 were recorded 
with an imaging system based on a low power laser diode 
with a wavelength of 532 nm and a CCD camera [34]. 
Fig. 6a) corresponds to a selected DLIP sample 
(HD = 100 µm, P2P = 20 µm, F = 1.8 J/cm2), where the 
diffraction peaks up to the second order are detected with 
the used imaging optics. In turn, the pattern in Fig. 6b) 
belongs to a LIPSS treated area (HD = 100 µm, 
P2P = 30 µm, F = 3.8 J/cm2) showing its distinctive dou-
ble-crescent shape. As expected, the recorded patterns 
can be directly correlated to the FFT spectra shown in Fig. 
4, but in the CCD images a higher signal-to-noise ratio 
can be measured allowing a better comparison between 
the samples. The intrinsic narrow angular distribution of 
the intensity within the diffraction peaks of the DLIP 
samples might explain their glossy aspect. In contrast, the 
LIPSS textures diffract light with a more widespread 
angular distribution (as observed in Fig. 6b) explaining 
the matte appearance. 
Both images shown in Fig. 6 were captured with the 
same integration time, which was set at its maximum 
where the double-crescent signal starts to saturate. Con-
trarily, the diffraction peaks of the DLIP samples are al-
ready saturated hinting at a much stronger diffracted in-
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tensity in contrast to the LIPSS structured areas. There-
fore, a self-developed optical system was used to meas-
ure the intensity of the diffused reflected light from the 
samples that permits a quantification of the structural 
coloration. 
Fig. 5  Photographs of LIPSS and DLIP treated samples (as 
labeled in the figure) showing the structural coloration. 
The normalized diffuse reflected intensity of all the 
DLIP structured samples as function of hatch distance 
and pulse-to-pulse feed is shown in a matrix form in Fig. 
7. The rows of the matrix indicate different fluence val-
ues during the laser processing and the columns different
measured wavelengths, i.e. reflected colors, as labeled in
the figure. The highest intensities were recorded for those
samples structured at higher fluences and higher P2P
values, reaching an absolute maximum of 0.4 for the
green color at F = 2.2 J/cm², P2P = 25 µm and
HD = 73 µm. It is assumed that the highest color intensi-
ties are achieved at the highest fluence and P2P due to
the better texture homogeneity and uniform distribution
of the structure height around 100 nm, as revealed from
SEM and CFM images. The results also show that the
green color has the highest intensities, whereas the re-
flected blue color is less intense in practically all samples
Fig. 6  Diffraction patterns recorded with a CCD camera of 
typical a) DLIP and b) LIPSS treated samples. 
. 
Fig. 7  Normalized diffuse reflectance of the DLIP structured samples as function of processing conditions, i.e. hatch distance, pulse-to-
pulse feed and fluence, as well as the wavelength of the illumination source.
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Fig. 8  Normalized diffuse reflectance of the LIPSS structured samples as function of processing conditions, i.e. hatch distance and pulse-
to-pulse feed, as well as the wavelength of the illumination source. 
Fig. 8 shows the normalized diffuse reflected intensity of 
all LIPSS treated samples, when illuminated with the 
three different laser diodes, i.e. colors. In this case, the 
three sub-plots show a region with a diagonal band shape, 
where the maximum intensities are found. The absolute 
maximum of 0.25 is reached for the red color in a rela-
tively broad region allowing for a more flexible structur-
ing parameters selection than for the DLIP process. This 
is due to the fact, that as the DLIP method produces peri-
odic grooves with a well-defined spatial period, the sur-
face topography must be very homogeneous to achieve 
the desired diffraction grating effect. Thus, the quality of 
the structural coloration in DLIP textures is more sensi-
tive to the process parameters. In general, it was observed 
in the SEM and CFM images that applying high accumu-
lated fluences, i.e. small pulse-to-pulse feed and hatch 
combined with high fluences, leads to a large amount of 
recast material that tends to destroy the periodicity of the 
texture. This degradation of the periodicity can be no-
ticed by the random distribution of structure heights as 
well as a non-uniform shape of the DLIP grooves. Like-
wise, applying low accumulated fluences, for instance by 
irradiating with low fluences and setting high pulse-to-
pulse feeds and hatch distances, induces also a poor tex-
ture homogeneity due to the gaussian distribution of the 
radiation intensity. Therefore, the regions in Fig. 7 where 
the diffuse reflectance of the DLIP samples was maxim-
ized correspond to those samples with the highest texture 
homogeneity. In contrast, the measured reflectance on the 
LIPSS treated surfaces also shows a less spectral depend-
ence than in the DLIP samples, which can be attributed to 
a broader distribution of the LIPSS structure heights and 
spatial periods (or equivalently, a broad-band distribution 
of spatial frequencies as revealed by the FFT spectrum of 
LIPSS topography, Fig. 4). However, these intensities are, 
in the best case, 12%, 42% and 24% lower, compared to 
the DLIP structures, for blue, green and red colors, re-
spectively. 
4. Conclusions
In this contribution, an approach to systematically
compare colored surfaces achieved by engraving relief 
gratings using DLIP and LIPSS technologies was pre-
sented. The optical appearance of the stainless steel sam-
ples processed with both technologies exhibited the typi-
cal rainbow coloration characteristic of diffraction grat-
ings. The samples could be clearly differentiated with the 
naked eye, as the LIPSS samples had a matte appearance, 
while the DLIP structured areas had a glossy aspect. This 
difference might be attributed to their inherent diffraction 
patterns. On the one hand, the DLIP textures had a well-
defined spatial period yielding a discrete set of highly 
intense diffraction peaks, upon illuminating them with a 
coherent light beam. On the other hand, the LIPPS fea-
tures formed a quasi-periodic texture, whose diffraction 
pattern resembles a double-crescent shape with a relative-
ly broad spatially distributed intensity. 
The optical characterization revealed that the pro-
cessing parameters, namely hatch distance, pulse-to-pulse 
feed and laser fluence, have a strong impact in the meas-
ured diffuse reflectance. In contrast, the laser parameters 
did not induce any significant change in the spatial peri-
ods of DLIP or LIPSS samples. A relation between re-
flectivity and quality of the topography could be estab-
lished, hinting at higher reflected intensities for those 
samples with a better texture homogeneity and uniform 
structure depths around 100 nm. Likewise, the FFT spec-
tra corresponding to the topographical data measured 
with CFM could be directly correlated to the diffraction 
patterns of DLIP and LIPSS samples recorded with a 
CCD camera. Comparing the diffuse reflectance results, a 
significant 60% higher maximum intensity was recorded 
for the DLIP structures compared with the LIPSS 
grooves. However, the LIPSS textures showed a nearly 
constant spectral response, which could be an advantage 
for some applications. 
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